Long-distance water transport through plant xylem is vulnerable to hydraulic dysfunction during periods of increased tension on the xylem sap, often coinciding with drought. While the effects of local and systemic embolism on plant water transport and physiology are well documented, the spatial patterns of embolism formation and spread are not well understood. Using a recently developed nondestructive diagnostic imaging tool, high-resolution x-ray computed tomography, we documented the dynamics of drought-induced embolism in grapevine (Vitis vinifera) plants in vivo, producing the first three-dimensional, highresolution, time-lapse observations of embolism spread. Embolisms formed first in the vessels surrounding the pith at stem water potentials of approximately -1.2 megapascals in drought experiments. As stem water potential decreased, embolisms spread radially toward the epidermis within sectored vessel groupings via intervessel connections and conductive xylem relays, and infrequently (16 of 629 total connections) through lateral connections into adjacent vessel sectors. Theoretical loss of conductivity calculated from the high-resolution x-ray computed tomography images showed good agreement with previously published nuclear magnetic resonance imaging and hydraulic conductivity experiments also using grapevine. Overall, these data support a growing body of evidence that xylem organization is critically important to the isolation of drought-induced embolism spread and confirm that air seeding through the pit membranes is the principle mechanism of embolism spread.
Water is transported through the xylem under tension and in a metastable state, making it inherently vulnerable to cavitation, the rapid phase change of liquid water to vapor (Dixon and Joly, 1895; Hayward, 1971; Tyree and Sperry, 1989) . The resulting gas embolisms block water transport in the affected xylem vessel. It is widely accepted that embolisms spread between adjacent conduits when the pressure differential between gas-filled and water-filled conduits reaches a critical point where water vapor is aspirated through the pit membrane from the neighboring conduit (Tyree and Sperry, 1989; Tyree and Zimmermann, 2002) . The resulting spread of embolisms through the xylem effectively reduces the hydraulic conductivity of the network, impairing the capacity to replace transpired water. The consequences of embolism formation can be dramatic, and it is now considered to be one of the major physiological factors driving reductions in forest primary productivity and drought-induced mortality in woody plants (Anderegg et al., 2012; Choat et al., 2012) .
Embolism spread between conduits is necessarily dependent on the number and orientation of the interconduit connections, but little is known about the organization of those connections or the spatial dynamics of embolism spread in vivo (Tyree and Zimmermann, 2002; Brodersen et al., 2010) . This knowledge gap is largely due to the lack of a nondestructive visualization tool with sufficient resolution to study the propagation and spread of embolism. Previous efforts to visualize embolism in vivo utilized either cryo-scanning electron microscopy (cryo-SEM) or NMR imaging. Cryo-SEM yields fine resolution of frozen plant tissue, revealing the functional status of xylem conduits (i.e. water-or air-filled) at the time of freezing (Canny, 1997; Melcher et al., 2003; Cobb et al., 2007; Mayr et al., 2007; Johnson et al., 2012) . Both transverse (Hukin et al., 2005; Sun et al., 2007; Johnson et al., 2012) and longitudinal 1 This work was supported by the National Science Foundation (grant no. 0818479) and U.S. Department of Agriculture-Agricultural Research Service Current Research Information System funding (research project no. 5306-21220-004-00). The Advanced Light Source is supported by the Director, Office of Science, Office of Basic Energy Sciences of the U.S. Department of Energy (contract no. DE-AC02-05CH11231).
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www.plantphysiol.org/cgi/doi/10.1104/pp.112.212712 (Utsumi et al., 1999) cryo-SEM sections have been prepared, but only provide a snapshot of a single point in time and in a single, two-dimensional plane. Similarly, NMR imaging was used in several studies as a nondestructive visualization tool to study the functional status of the xylem in vivo (Holbrook et al., 2001; Clearwater and Clark, 2003) . However, the resulting images are typically of insufficient resolution to determine anything other than whether xylem conduits were filled with water or air. Three-dimensional (3D) imaging with NMR is challenging and is not frequently employed (Kuroda et al., 2006) . Despite the availability of NMR, studies using this technology are largely focused to the spread of embolism over long periods of time (e.g. weeks [Umebayashi et al., 2011] or months [Pérez-Donoso et al., 2007] ) rather than the shortterm dynamics of embolism spread over the course of a few hours. Recently, high-resolution x-ray computed tomography (HRCT), a nondestructive diagnostic imaging tool, has been successfully used to study plant tissue in vivo (Brodersen et al., , 2011 . Synchrotron-based HRCT is based on the same principles as medical computed tomography systems but yields data with a spatial resolution of less than 5 mm and a temporal resolution of less than 30 min. Brodersen et al. (2011) expanded on this technology to study and map the 3D organization of grapevine (Vitis vinifera) stems and found that the functional status of the xylem could be determined in vivo. Brodersen et al. (2010) visualized the dynamics of embolism repair (i.e. the metabolically active refilling of embolized xylem conduits) in live plants using HRCT, including the growth of water droplets emerging from xylem parenchyma surrounding embolized vessels that eventually led to the dissolution of trapped gas inside the vessels. While we now have a better understanding of embolism repair and the physiological consequences of embolism spread are well documented (Tyree and Zimmermann, 2002; McDowell et al., 2008; Cochard et al., 2009; Zwieniecki and Holbrook, 2009; Choat et al., 2012) , the spatial dynamics and biophysics of embolism formation and spread in vivo have yet to be fully explored. Clearly, the spatial organization of xylem conduits plays a critical role in embolism repair and is likely even more influential in embolism spread, as direct connections between conduits are the most likely pathway through the network. Building on these findings and new techniques, we aimed to take advantage of HRCT imaging to provide the first high-resolution visualization of the spread of drought-induced embolism.
RESULTS
Plants entered the experiment with a stem water potential (c stem ) of -1.4, -1.7, and -1.8 MPa (Fig. 1) , with a range of 11% to 18% embolized vessels at that time. Over the time course of each experiment, plants were allowed to desiccate to a c stem of -2.3, -2.7, and -4.1 MPa, respectively. All plants showed increasing embolism formation corresponding to decreasing c stem values. Although all plants were under the same environmental conditions, plant B decreased to -4.1 MPa and lost 61% of its vessels to cavitation, while plants A and C lost only 29% and 36%, respectively, but only reached a c stem of -2.3 and -2.7 MPa, respectively (Fig. 1) . Plant B's large decrease in c stem occurred over 12 h, while plant C maintained higher c stem for 16 h.
Transverse HRCT images showed that embolisms formed first in vessels immediately surrounding the pith ( Figs. 2A and 3) . As c stem decreased over time, embolisms spread radially outward toward the epidermis (Figs. 2 , B-D, and 3, A-C). The progression of embolism spread was overwhelmingly radial (97.5% of the 629 total connections between embolized vessels were in the radial direction), consistent with the orientation of most intervessel connections in grapevine (Brodersen et al., 2011) . Most embolisms spread through vessel-vessel connections within a sector (i.e. vessel groups delineated by two rays). In one plant, we observed an isolated embolism (i.e. a gas bubble) within a vessel spread through radial intervessel connections to ultimately embolize the entire sector (Fig. 4) . The gasfilled vessel was clearly distinguishable from the surrounding water-filled tissue at the beginning of the experiment (Fig. 4A) . Multiple longitudinal image slices on either side of the image displayed in Figure confirmed that the air bubble was isolated to a single vessel. Over 8.5 h, c stem decreased from -1.5 to -2.4 MPa, and the gas spread through direct vessel-vessel connections, as seen in the longitudinal HRCT sections (Fig. 4, A and B ). Viewing these HRCT data with multiple longitudinal and transverse sections and reconstructing 3D volume renderings of the vessel lumen (Fig. 3C) , it was possible to trace the exact pathway that the embolisms spread through the xylem. In this case, the embolisms spread through a conductive xylem relay similar to those documented in grapevine by Brodersen et al. (2013) .
Occasionally, we observed tangential embolism spread, where embolisms moved between vessel sectors (Fig. 5) . In tangential embolism spread, vessels within one sector were embolized at a prior time point, which was the result of radial spread through intervessel connections in shared vessel walls. At the next time point, the gas spread to a functional (i.e. water-filled) vessel group through a vessel that drifted between sectors, presumably through perforated ray cells (Fig. 5 , B-D).
Evidence for embolism repair was observed in plant A at the beginning of the experiment, which started with the highest c stem value (i.e. under the least water stress). We observed both droplets and broken water columns within vessels (Fig. 6, A and B) , phenomena indicative of embolism repair for this species . The observed droplets, however, were few in number and did not persist in subsequent scans as c stem decreased.
Calculations of percent loss of conductivity (PLC) based on the number and diameter of embolized vessels at measured c stem showed increasing PLC with decreasing c stem during the experiments (Fig. 7) . The potential error in PLC calculations resulting from adding or subtracting 1 voxel width for each measured vessel diameter was minor (Fig. 7) . These data showed good agreement with both previously published theoretical and measured PLC values from another noninvasive study of embolism spread using NMR imaging (Holbrook et al., 2001; Choat et al., 2010) . Both data sets show the greatest losses in conductivity between -1.5 and -2.5 MPa, and we estimated 50% loss of hydraulic conductivity at -2.2 MPa c stem , based on a Weibull function fit to these data (Neufeld et al., 1992) .
We then compared the percentage loss of conducting vessels from embolism to the theoretical PLC and found the slope to be less than 1:1 (Fig. 8) . A null hypothesis would predict that all vessels are of equal diameter, or an equal range and frequency distribution of vessel diameters, and that vessels embolize at the same rate regardless of diameter. As drought stress progressed in these plants, the embolisms spread outward from the center of the stem starting near the pith. In all three plants, vessel diameter increased, reaching a maximum near the midpoint between the stem center and the epidermis (Supplemental Fig. S1 ), and over time, the number of larger diameter vessels that embolized increased (Supplemental Fig. S2 ).
Using HRCT imaging, we were unable to determine whether the gas inside glass capillary tubes was air or water vapor (Supplemental Fig. S3 ). The mass attenuation coefficients for air, water, and water vapor were 0.17 6 0.05 SD, 1.51 6 0.06 SD, and 0.21 6 0.05 SD absorption cm -1 , respectively. The mean value for water was significantly different from air and water vapor (P , 0.05); however, mean values for water vapor and air were not significantly different. Our mass attenuation coefficient for water was similar to data previously reported by Henke et al. (1993) .
DISCUSSION
The data presented in this manuscript provide strong evidence that the connections between vessels do facilitate embolism spread and that xylem organization plays an important role in embolism isolation (air-seeding hypothesis). Intervessel connections bound by pit membranes have long been thought of as the most likely pathway for embolism spread through xylem networks (Sperry and Tyree, 1988; Tyree and Zimmermann, 2002; Wheeler et al., 2005; Choat et al., 2008) . The observations presented here provide the first visualization of this process occurring in real time in an intact plant. These data provide further support that air seeding through pit membranes is the most likely mechanism of embolism spread through the xylem, as opposed to homogenous nucleation or nucleation from hydrophobic wall surfaces. As the study of xylem connectivity continues, the ability to quantify and categorically define exactly where vessel connections exist will improve to the point where embolism spread can be studied using predictive models (Loepfe et al., 2007; Brodersen et al., 2011) . Holbrook et al. (2001) used NMR imaging to provide the first in vivo images of embolism formation and repair in grapevine. They observed patchy embolism formation or isolated vessels embolizing at random in the single grapevine plant used in the study. All three plants in this study showed at least one isolated embolized vessel surrounded by water-filled vessels and far from the pith early on in the experiments (0 h; Fig. 3 , A-C). These isolated embolized vessels are similar to those observed by Holbrook et al. (2001) and occurred in plants at comparable c stem . However, it remains unclear whether these vessels spontaneously embolized through homogenous bubble nucleation prior to visualization or whether those vessels simply failed to refill as observed by Brodersen et al. (2010) . The radial patterns of embolism spread presented here closely match those observed by Choat et al. (2010) in grapevine visualized with NMR imaging, where plants under mild water stress showed embolisms in vessels surrounding the pith and embolism formation in discrete sectors following increased water stress. Clearly, the spatial resolution of HRCT has a significant advantage over current NMR imaging to resolve the functional status of xylem networks (particularly small diameter vessels), but the two methods appear to yield similar results.
Why embolisms first formed in vessels surrounding the pith is unclear, but may be the result of the accumulation of repeated stress to the pit membranes in the oldest vascular tissue (i.e. vessels immediately surrounding the pith), and our experiments support the idea of cavitation fatigue, where vessels that embolize once are more susceptible to future embolism than younger xylem conduits (Hacke et al., 2001; Stiller and Sperry, 2002) . In addition, the xylem conduits closest to the pith are generally primary xylem with only partial wall thickenings (Evert, 2006) , making them less structurally sound than secondary xylem. Choat et al. (2005) showed that air-seeding thresholds are lower in primary xylem conduits compared with secondary xylem and suggested that the differences resulted from thinner and weaker primary cell walls between helical thickenings. As a consequence, pit membranes in the primary xylem have a higher probability of rupturing because of both age (repeated stress) and structural integrity (Tyree and Sperry, 1989) .
Based on previous research McElrone et al., 2012) and our observations of embolism at c stem of -1.4 MPa and below, embolism formation in grapevine likely starts between c stem of -0.8 and -1.2 MPa ( Fig. 1 ; Brodersen et al., 2010; McElrone et al., 2012) . With limited access to the HRCT instrument, it was critical to have plants at c stem values known to induce embolism and subsequent spread. Visualizations of embolism repair in plants grown using identical methods showed almost no embolism in well-watered plants (e.g. c stem of -0.6 MPa); however, not all vessels refilled. These solitary, gas-filled vessels may act as a source of future embolism once c stem declines during subsequent drought, thereby contributing to cavitation fatigue (Hacke et al., 2001 ).
Longitudinal imaging of plant A (Fig. 4) provided strong evidence that air not eliminated from the xylem during refilling can lead to future spread. The isolated embolism visible in Figure 4A fits entirely within the field of view of our HRCT scan, but it was unclear whether pit membranes prevented the expansion of the gas bubble or if it was held in place inside the vessel by water under positive pressure. The concave upper meniscus seen in Figure 4A suggests the latter explanation, and because this plant was within the range of c stem where embolism repair is known to occur, it is possible that the vessel was refilling above and below the scanned area. However, there was no visible droplet formation as observed by Brodersen et al. (2010) , and the surrounding vessels were water filled and presumably under tension. Regardless, we were able to visualize the radial spread of an isolated gas bubble into the surrounding tissue as c stem decreased during the experiment (Fig. 4 ).
An alternative hypothesis is that the pith acts as a source of gas for seeding the embolisms. In our images, gas-filled pith cells were clearly visible in each plant (Fig. 2) , and Brodersen et al. (2010) also observed gasfilled pith cells in refilling grapevine using the same imaging technique (HRCT). Using NMR imaging, Choat et al. (2010) and Holbrook et al. (2001) visualized the functional status of grapevine in vivo and also observed that the pith was largely devoid of water compared with the surrounding xylem. Air seeding from the pith would require direct connections between those cells and the vessels. While the two cell types were in close proximity, the HRCT images did not show any clear connections, shared cell walls, or air bubbles spanning from pith to vessels. Transverse light micrographs through the same area also showed several parenchyma cell layers between vessels and pith cells. Our scans covered 5 mm of stem tissue, and we cannot rule out the pith as a potential source for air entry into the neighboring vessels. However, based on our observations that the pith cells within close proximity to the vessels were typically filled with fluid, this pathway and hypothesis are unlikely (Fig. 6B) . We also cannot rule out that homogenous bubble nucleation from the gas dissolved in the xylem sap acts as the air-seeding source without more observations (Scholander, 1955; Pickard, 1981; Tyree and Zimmermann, 2002; Konrad and Roth-Nebelsick, 2003; Sevanto et al., 2012) .
In grapevine, we observed that in addition to the orientation of intervessel connections in the radial dimension and the limited tangential space for intervessel connections between rays, the ray parenchyma might act as a physical barrier preventing intervessel contact between sectors. This anatomical arrangement could therefore limit embolisms originating to only the other vessels within the same sector where connections permit radial spread but little tangential movement of embolisms. As seen in this study, only vessels with radial contact were compromised by subsequent embolism spread (Figs. 2-4) . Lateral embolism spread between sectors was rare and typically occurred through vessels drifting between sectors (Fig. 5) , almost certainly passing through perforated ray parenchyma. These instances always occurred in sectors within close proximity and when the band of ray parenchyma was narrow. As a consequence, each vessel sector effectively acts as a discrete modular unit. When one sector is compromised, the neighboring sectors remain functional, and this xylem organization acts as a safety mechanism preventing systemic embolism spread. While this study was focused solely on current year shoots in young plants, which shared similar xylem organization to new growth on field-grown plants (Brodersen et al., 2011) , different patterns may exist in other parts of the plant. Both Choat et al. (2005) and McElrone et al. (2004) showed that resistance to cavitation increased with increasing distance from the soil. Because xylem organization is linked to embolism spread, selection for more resistant xylem networks at the site of the greatest xylem sap tension is likely to be a more successful strategy for preventing xylem embolism.
Throughout these drought experiments, we observed few signs of embolism repair. Only in plant A were droplets and broken water columns visible within the vessels (Fig. 6) . Plant A showed evidence of embolism repair but likely had insufficient stored water (i.e. capacitance) or stored carbohydrates to complete the task, as the droplets and water inside the vessels did not persist in subsequent scans. It is also possible that the tension within the surrounding tissue decreased such that the water was pulled out of the embolized vessel into the functional vessels nearby . Plant A started the experiment at -1.4 MPa and, based on the vulnerability curve in Figure 7 , should have had approximately the same amount of embolized vessels as a plant at -0.8 MPa. These observations give further support that supplemental water is necessary to initiate and sustain the refilling mechanism, where c stem must increase to above -0.8 MPa before refilling occurs .
The theoretical vulnerability curve generated from the HRCT images showed good agreement with previously reported data, although the slope of the curve is not as steep as the Choat et al. (2010) data set (Fig. 7) . The plants used were large, 1-year-old canes from field-grown plants and up to 1 cm in diameter. In this study, stem diameters were roughly one-half that diameter. As a consequence, vessel diameters were smaller in these plants compared with older stems (Supplemental Fig. S1 ; Brodersen et al., Figure 7 . Theoretical loss of hydraulic conductivity of three grapevine plants (gray symbols) calculated from the diameters of embolized vessels during drought experiments. Superimposed are data (white symbols, dashed line) from Choat et al. (2010) , where loss of conductivity was measured and paired with NMR imaging. Bars indicate predicted error generated by adding or subtracting 4.5 mm from the vessel diameter measurements. Figure 8 . Theoretical loss of hydraulic conductivity versus the measured loss of vessels to embolism for three plants during drought experiments. The 1:1 line represents the predicted loss of vessels and the associated hydraulic conductivity if (1) all vessels are of equal diameter or an equal range and frequency distribution of vessel diameters or (2) the vessels embolized at the same rate regardless of diameter. 2011). We predict that the larger diameter vessels in the older plants used by Choat et al. (2010) would lead to more significant losses in conductivity as they embolize. Furthermore, several studies show that smaller diameter conduits are more resistant to cavitation than large conduits (Cochard and Tyree, 1990; Davis et al., 1999) , which would also contribute to a steeper vulnerability curve in older stems with larger diameter vessels. Overall, the two different methods (NMR and HRCT) show good agreement despite the range in stem size and age.
In Figure 8 , the deviation from a 1:1 ratio of vessels lost to embolism versus theoretical PLC was likely due to larger vessels embolizing at later time points, a consequence of their position in the stem. As c stem decreased during the experiments, embolism started in the small diameter vessels and spread radially outward toward the older, wider vessels. As seen in the frequency distribution of embolized vessels at various time points during the experiments (Supplemental Fig. S2 ), larger diameter vessels embolized later during the experiment, with few vessels greater than 75 mm in diameter embolized at the beginning time points. Vessel diameter reached a maximum near the midpoint between the stem center and the pith (Supplemental Fig.  S1 ; Brodersen et al., 2011) , and as embolisms reached that midpoint, the greatest losses in conductivity were also observed. This coincidence likely plays an important role in steepness of the calculated vulnerability curve in Figure 7 , particularly because the number of vessels within a sector does not appear to increase dramatically from the midpoint of the stem to the epidermis. As flow through vessels is strongly influenced by lumen diameter, small changes in diameter result in large increases in flow (Tyree and Zimmermann, 2002) . Loss of large diameter vessels as the embolisms spread outward caused greater loss of conductivity than if all vessels were of equal diameter.
CONCLUSION
To our knowledge, these data provide the most detailed in vivo visualization of embolism spread to date and confirm that embolisms spread as previously thought, through the pit membranes in the shared walls of adjacent xylem conduits via the air-seeding mechanism (Tyree and Zimmermann, 2002; Loepfe et al., 2007) . Because this technology reports on both structure and function, future applications should help fulfill the long-standing desire of plant biologists in general, and the vision of Zimmermann and Tomlinson (1966) in particular, to reveal the complex organization and function of xylem networks.
MATERIALS AND METHODS
Grapevines (Vitis vinifera var Chardonnay) were grown from 5-cm-long cuttings bearing two nodes, one developing into roots and one into a single shoot. The cuttings were sterilized in a 3% (v/v) sodium hypochlorite solution and dipped in wax to prevent desiccation. They were then placed in a plastic tray filled with a 1:1 ratio of perlite and vermiculite. The cuttings were watered daily until the first leaf was fully expanded and there was evidence of new root growth. Cuttings were then transplanted into 0.7-L plastic pots (#AB45, Stuewe and Sons) and filled with montmorillonite fritted clay (Turface MVP, Profile Products), such that the 5-cm cutting was below the soil surface and only the new growth from one node would be used for the HRCT scans. The plants were then grown to a height of approximately 50 cm in a greenhouse. Plants were watered twice daily and fertilized weekly with one-half-strength Hoagland solution.
Three to 5 d prior to HRCT imaging, the irrigation was removed to induce drought stress and cavitation. Plants were then transported by car from the University of California, Davis to the x-ray microtomography facility at the Lawrence Berkeley National Laboratory Advanced Light Source (Beamline 8.3.2). Measurements of pot weight and c stem were used to monitor plant water status as the plants dried out. Leaves were placed in a Mylar-wrapped plastic bag for 15 min, excised with a razor blade, and then measured for c stem with a Scholander-style pressure chamber (#3000; SoilMoisture Equipment). Plants were chosen for HRCT imaging when they reached a c stem of approximately -1.5 MPa, the c stem known to be close to the air-seeding threshold of grapevine pit membranes established by Sperry et al. (1987) and previously confirmed with HRCT imaging .
Three plants were imaged following the methods of Brodersen et al. (2010 Brodersen et al. ( , 2011 for the visualization of live plant tissue using HRCT. Plants were placed in a custom-built aluminum cage and mounted on an air-bearing stage. The leaves and stem were covered in plastic wrap and inserted into a 10-cmdiameter plexiglass cylinder to reduce vibrations and stem movement during the scans. The plant was rotated in the 15-keV synchrotron x-ray beam in 0.25°increments over 180°yielding 720 two-dimensional projection images with a 4.5-mm voxel resolution captured on a 4,008-3 2,672-pixel CCD camera (#PCO 4000, Cooke Corporation). Approximately 5 mm of stem tissue was scanned from a region located 3 cm above the soil surface. The time required to complete a single scan was approximately 25 min. Plants were repeatedly scanned every 30 to 120 min to capture eight to nine time points during the drying period, with periodic c stem measurements. The two-dimensional projection images were then reconstructed into a 3D data set using Octopus 8.3 software (Institute for Nuclear Sciences). The HRCT images were then analyzed using Avizo 6.2 software (VSG).
Following the final scan, the scanned stem tissue was excised with a razor blade, sectioned, stained with Safranin-O, and mounted in a 1:1 solution of glycerol and 50% (v/v) ethanol. Transverse sections were then imaged at 403 magnification with an Olympus Vanox microscope and imaged using a digital camera.
To determine the total number of vessels within the section, the number of cavitated vessels at each time point, and the diameter of each vessel, we used a semiautomated routine within Fiji image-processing freeware (www.fiji.sc, a Java-based distribution of ImageJ). First, the images were cropped to exclude everything in the image but the transverse section. Next, the brightness and contrast were adjusted to maximize the contrast between plant tissue and vessel lumen. The image was then converted to a binary format and then processed with noise reduction filters to eliminate any spots on the image smaller than 10 mm. In this way, only the vessel lumens remained in the image. Finally, the Analyze Particles tool was used to identify each vessel and determine the lumen area in micrometers squared. Using this method, we calculated the percentage of the total number of vessels that were embolized at each time point. Using the vessel lumen diameter data, we then approximated the volumetric flow rate (J v ) through the stems based on the remaining functional vessels using the Hagen-Poiseuille equation and following the methods of Lewis and Boose (1995) :
where D is the conduit diameter, m is the viscosity of water, and Δp/Δx9 is the pressure gradient. Next, we calculated a theoretical PLC based on the approximated maximum hydraulic conductivity of the entire population of vessels and then calculated the number of remaining functional vessels at each time point. PLC was calculated by:
where k max is the calculated maximum hydraulic conductivity and k i is the calculated hydraulic conductivity at a given time point. Next, we determined the position of each vessel with respect to the stem center using TANAX software (Brodersen et al., 2011) .
To determine whether the content of cavitated vessels could be determined, two sets of glass capillary tubes (#1B100-4, 0.58 mm, World Precision Instruments) were filled with water, water vapor, and air, sealed at each end with Parafilm, and scanned using the same parameters used for live plant imaging. Following HRCT image reconstruction, the voxels inside the capillary tubes were analyzed with Octopus 8.3 software to determine the mass attenuation coefficient of the liquid or gas. Ten mass attenuation coefficient values were measured for each capillary tube at 10 points along the vertical axis of the capillary tube and were then tested for significant differences using ANOVA and post hoc Student's t tests with Bonferroni correction using SPSS 20.0.0 software.
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Supplemental Figure S1 . Average vessel diameter at different positions from the stem center.
Supplemental Figure S2 . Embolized vessel diameter distribution for three grapevine plants during drought experiments.
Supplemental Figure S3 . Transverse HRCT micrograph showing glass capillary tubes filled with water vapor, water, and air.
